In the search for novel agents against oral pathogens in their planktonic and biofilm form, we have focused our attention on 10-undecynoic acid as the representative of the acetylenic fatty acids. Using macro-broth susceptibility testing method we first established MIC value. Next, the MBC value was determined from a broth dilution minimum inhibitory concentration test by sub-culturing it to BHI agar plates that did not contain the test agent. Anti-biofilm efficacy was tested in 96-well plates coated with saliva using BHI broth supplemented with 1% sucrose as a standard approach. Based on obtained results, MIC value for 10-undecynoic acid was established to be 2.5 mg/ml and the MBC value to be 5 mg/ml. The MBIC 90 showed to be 2.5 mg/ml, however completed inhibition of biofilm formation was achieved at 5.0 mg/ml. MBBC concentration revealed to be the same as MBC value, causing approximately 30% reduction at the same time in biomass of pre-existing biofilm, whereas application of 7.0 mg/ml of 10-undecynoic acid crossed the 50% eradication mark. Strong antiadherent effect was observed upon 10-undecynoic acid application at sub-MBC concentrations as well, complemented with suppression of acidogenicity and aciduricity. Thus, we concluded that 10-undecynoic acid might play an important role in the development of alternative or adjunctive antibacterial and anti-biofilm preventive and/or therapeutic approaches.
Introduction
Dental caries is one of the most prevalent diseases in humans provoked by the disbiose in oral biofilm due to frequent sugar intake [1] [2] [3] [4] . Despite scientific and clinical advances as well as public awareness focused on the importance of oral hygiene and dental health, dental caries still remains the main cause of tooth loss in children and is a common problem affecting young and older adults [1] . Thus, it is a global public health problem to be managed in modern times. Although in recent years the occurrence of dental caries in developed countries has declined, the opposite trend is taking place in developing countries [5, 6] .
The species often collectively referred to as the mutans streptococci (MS) have been primarily associated with the development of dental caries in humans [7] [8] [9] . Among them, Streptococcus mutans and Streptococcus sobrinus were found to be the most frequently isolated from human dental plaques and recognized as the principal bacteria of dental caries. Their natural habitat is the human mouth and the long list of scientific and clinical reports have conclusively demonstrated that these major cariogenic organisms contribute to the formation of the dental plaque (commonly called oral biofilm) and have the ability to successfully compete with commensal species by the means of higher tolerance to low pH [8, 10, 11] . It is important to mention, however, that caries may occur even when Streptococcus mutans and Streptococcus sobrinus are not identified in cariogenic biofilm. Their ability to adhere, aggregate, and form and sustain a polysaccharide-enclosed biofilm is a key to their survival and persistence in the oral cavity [12, 13] . Primary attachment to solid tooth surfaces is reversible and mediated by MS fimbriae recognizing and binding to enamel pellicle. This sucrose-independent mechanism is observed between the adhesive particles of MS and saliva agglutinins, and is involved in the process of adhesion promoting cohesion. Irreversible attachment follows after as a result of the synthesis of glucans and fructans, from sucrose as their only source, by glucosyltransferase (GTF) and fructosyltransferase (FTF), in combination with glucan-binding proteins (GBPs) mediating the binding of bacteria to these extracellular polysaccharides (EPS) [14] [15] [16] . Hence, suppression of biofilm of oral MS may be an appealing preventive approach to oral cavities. However, the cariogenic process is the consequence of several subsequent events. To develop dental caries it is necessary to accumulate biofilm and expose it frequently to carbohydrates, fermented by oral pathogenic bacteria. If a person does not consume fermentable carbohydrates, even having biofilm, he/she will never develop the dental caries [2, 3] . Thus, targeting other most often documented characteristics of the virulence of MS, which is a metabolism of carbohydrates that leads to acidification of dental plaque (acidogenicity), and their capacity to tolerate an acidic environment (aciduricity) is a key in prevention. These major factors are directly related to the pathogenesis of dental caries by the virtue of demineralization of the tooth enamel [16, 17] . Acidogenicity is one of the factors that allows the ecological changes characterized by outgrowth of species that are similarly acidogenic and aciduric, such as S. mutans and S. sobrinus, resulting in elevated quantities of these organisms in dental plaques. It seems that lactic acid is the most important acidic metabolite involved in etiology of dental caries since it is the strongest acid abundantly produced by lactate dehydrogenase (LDH) of MS [11, 18] . Aciduricity is another fundamental factor of MS in which membranebound F-ATPase works as a pump to transport protons from cells and maintains tolerable pH when the external pH falls to 4.0 or below. Due to the acid production and acid resistance, S. mutans and S. sobrinus gain an advantage over other non-cariogenic bacteria and are less susceptible to lethal environmental conditions associated with enhanced glycolytic capacities and increased activity of the proton-translocating F-ATPase during caries development [11, 19, 20] . Nevertheless, it is worth mentioning that MS have a complex acid tolerance response (ATR) involving many genes and proteins, where F-ATPase is one of them [21] . Since mutants of S. mutans, deficient in specific virulence factors, are more sensitive to environmental stress and less cariogenic than their parent strains [22, 23] , this would suggest that suppression of virulence-associated genes and enzymes could be appealing for the prevention of dental caries.
Mechanical plaque removal as well as the broadly and commonly use of different kinds of antimicrobial agents, and antibiotics when necessary, are well known factors controlling dental plaque development and are effective strategies to prevent dental caries progression [8, [24] [25] [26] [27] [28] . Despite the reported therapeutic potential of many of these chemical and natural compounds, little is known about the efficacy of fatty acids as antimicrobial and anti-caries compounds. We have screened several of them and noticed that one of them, i.e., acetylenic fatty acid 10-UDYA, known highly selective irreversible inhibitor of hepatic ω-and ω-1-hydroxylases [29] , revealed outstanding bacteriostatic and bactericidal efficacy in vitro. In our investigation we explored further this feature and for the first time demonstrate here insightful evaluation of this compound as an anti-biofilm agent. This compound upsets acid tolerance of S. mutans to low pH in vitro and has excellent anti-adherent properties. Also, its fast biofilm penetrating property could be an additional contributor to the very effective killing effect of pre-existing biofilm. Our work represents systematic investigation of the effects of 10-UDYA on virulence factors of MS, although, the obtained results warrant more studies on practical applicability of this compound in oral health.
Materials and methods

Bacterial strains and media
The majority of the experiments were performed with Streptococcus mutans UA159 serotype c (ATCC 700610), and Streptococcus sobrinus SL1 (ATCC 33478). Selection and focus on these two strains was based on scientific and clinical reports identifying these MS as well-established, virulent, and biofilm forming bacteria [30, 31] . These two strains were implicated as primary bacteria of dental caries based on elevated quantities of these organisms found in dental plaque from caries-active subjects. Streptococcus mutans NCTC 10449 (ATCC 25175) and Streptococcus sobrinus NIDR 6715-15 (ATCC 27352) were used in the experiments aimed to establish basic microbiological parameters such as MIC (minimal inhibitory concentration), MBC (minimal bactericidal concentration), MBIC (minimal biofilm inhibitory concentration), MBBC (minimal biofilm biocidal concentration), and MBEC (minimal biofilm eradication concentration) values, and to support results obtained from experiments performed with Streptococcus mutans UA159 and Streptococcus sobrinus SL1. The stocks of all strains were cultured as recommended by manufacturer conditions, i.e., BHI (Brain Heart Infusion) broth (Remel, San Diego, CA) without antibiotics at 37˚C with 5% CO 2 in sterile two-position cap 5 ml polypropylene test tubes. All strains were stored in -80˚C in BHI broth containing 30% glycerol.
Preparation of 10-undecynoic acid for susceptibility testing
A stock solution (100 mg/ml) of 10-undecynoic (10-UDYA) (Sigma, St. Louis, MO) was prepared in � 99.9% DMSO (Sigma, St. Louis, MO, CA) and sterilized by 0.22 μm syringe filtration and prepared fresh just before each experiment. Due to possible bactericidal effect of a high percentage of DMSO, its added amount to the growth medium was kept � 0.14% (v/v). The appropriate amount of stock solution was then added to either sterile two-position-cap test tubes, or 8-well chambers containing 1 ml of BHI broth, or to 96-well plates containing 0. Evaluation of the bacteriostatic and bactericidal effects of 10-undecynoic acid against the planktonic form of oral Streptococcus spp Growth inhibition of Streptococcus spp. was tested using a standard macro-dilution method to establish MIC value [32] . Briefly, sterile 3 ml two-position-capped test tubes containing 1 ml BHI broth with 1 x 10 6 CFU/ml of the homogenous bacterial suspension were supplemented with the 10-UDYA. The tubes were then incubated at 37˚C with 5% CO 2 and growth inhibition as a decrease in the optical density (OD 600 ) was monitored at regular intervals for up to 24 h. The entire experiment was repeated three times for each strain. Control cultures were treated with DMSO (� 0.14% v/v). The MBC values were determined from a broth dilution minimum inhibitory concentration test by sub-culturing the bacterial cell samples removed at 0, 1, 3, 6, 12, and 24 h, and plated onto BHI agar plates that did not contain 10-UDYA. The plates were then incubated at 37˚C with 5% CO 2 and bacterial re-growth was assessed after 24 h. A bacteriostatic effect was defined as 2-log 10 CFU/ml, whereas a bactericidal effect was defined as a 3-log 10 CFU/ml decrease from the original inoculum [33] . All experiments were conducted three times independently and each one in three replicates. As a positive control amoxicillin (Sigma, St. Louis, MO) at the concentration range between 2-500 μg/ml was chosen, which still is the drug of choice in treating dental infections [34] .
Evaluation of the effect of 10-undecynoic acid on biofilm of oral Streptococcus spp
Biofilm preventive effect of the 10-UDYA focused on establishing MBIC values against Streptococcus spp. was evaluated by the alamarBlue and commonly used crystal violet (CV) staining methods. Briefly, 1 x 10 7 CFU/ml from homogeneous bacterial culture in BHI broth containing 1% sucrose, as a standard approach [32] , was inoculated into 96-well plates coated with human saliva and supplemented with the 10-UDYA. In addition, a supportive experiment was performed in which instead of human saliva coated plates, human saliva coated artificial teeth were used (Azdent, Baku, Azerbaijan). Control wells were treated with DMSO (� 0.1% v/v). All plates were then incubated at 37˚C with 5% CO 2 for 24 h. Next, all wells were either stained with ready-to-use alamarBlue dye (where resazurin, a non-fluorescent indicator dye, is converted to bright red-fluorescent resorufin via the reduction reactions of metabolically active cells and the amount of fluorescence produced is proportional to the number of living cells) for evaluating cellular metabolic activity according to published results [35] and the manufacturer's recommendation (Thermo Fisher, Waltham, MA), or fixed with 0.2 ml of cold methanol-formalin (1:1) for 30 min. and stained with 0.1 ml of crystal violet (0.1%) for 10 min. The biofilms stained with alamarBlue were incubated at 37˚C with 5% CO 2 for 30-60 min. and fluorescence intensity was measured using excitation wavelength 535 nm and emission wavelength 595 nm. The biofilms stained with CV were thoroughly washed three times with 1 x PBS (phosphate-buffered saline), and 0.2 ml of methanol was added to each well to extract a dye, then the absorbance was measured at 595 nm using a spectrophotometer (Molecular Device, Spectra Max 340). In addition, 1 x 10 7 CFU/ml from homogeneous bacterial culture in BHI broth containing 1% sucrose was inoculated into human saliva coated 8-well chambers and supplemented with the 10-UDYA. Control wells were treated with DMSO (� 0.14% v/v), and incubated at 37˚C with 5% CO 2 for 24 h. Next, all wells were fixed with 0.5 ml of cold formalin acetic acid mixture for 20 min., followed by staining with 0.5 ml of LIVE/DEAD 1 BacLight™ Bacterial Viability staining mixture for 15 min. in the dark, according to the manufacturer's recommendation (Thermo Fisher, Waltham, MA). Pictures were immediately taken from untreated and treated mounted slides with a fluorescence microscope (Nikon, Eclipse E600) using excitation wavelength 488 nm. Biocidal and eradicative effect of 10-UDYA against pre-existing biofilms of Streptococcus spp. was evaluated (both qualitatively and quantitatively) by the alamarBlue and crystal violet (CV) staining methods, and supported by LIVE/DEAD 1 BacLight™ Bacterial Viability staining with fluorescent microscopy (Nikon, Eclipse E600). To establish MBBC and MBEC values, 1 x 10 7 CFU/ml from homogeneous bacterial culture in BHI broth containing 1% sucrose, as a standard approach, was inoculated into human saliva coated 96-well plates or 8-well chambers. Additionally, a supportive experiment was performed in which instead of human saliva coated plates, human saliva coated artificial teeth were used (Azdent, Baku, Azerbaijan). After 24 h biofilms were washed with 1 x PBS and treated with 10-UDYA. Control wells were treated with DMSO (� 0.14% v/v). All plates were then incubated at 37˚C with 5% CO 2 for up to 24 h. Next, all wells were stained with ready-to-use alamarBlue dye for 30-60 min., and 0.1 ml of crystal violet or 0.5 ml of LIVE/DEAD 1 BacLight™ Bacterial Viability staining mixture for 10-15 min. according to the manufacturer's recommendation (Thermo Fisher, Waltham, MA). All experiments were conducted three times independently and each one in three replicates. In addition, a set of experiments was performed in which 1 x 10 7 CFU/ml from homogeneous bacterial culture in BHI broth containing 1% sucrose, as a standard approach, was inoculated into human saliva coated 96-well plates. After 24 h biofilms were washed with 1 x PBS and treated with 10-UDYA. Control wells received DMSO (� 0.14% v/v). All plates were then incubated at 37˚C with 5% CO 2 for up to 24 h. Next, the treatment with 10-UDYA was removed, all wells were washed with 1 x PBS, and BHI broth with 1% of sucrose without test agent was applied for 16 h to allow the recovery of biofilm. After that, the wells were stained with ready-to-use alamarBlue dye to evaluate cellular health, or fixed with 0.2 ml of cold methanol-formalin (1:1) for 30 min. and stained with 0.1 ml of crystal violet (0.1%) for 10 min. The biofilms stained with alamarBlue were incubated at 37˚C with 5% CO 2 for 30-60 min., and fluorescence intensity was measured using excitation wavelength 535nm and emission wavelength 595 nm. The biofilms stained with CV were carefully washed three times with 1 x PBS (phosphate-buffered saline), and 0.2 ml of methanol was added to each well to extract a dye, and the absorbance was measured at 595 nm using a spectrophotometer (Molecular Device, Spectra Max 340). Also, for further confirmation, an aliquot of 0.1 ml of the biofilm suspensions treated with different concentrations of 10-UDYA for 24 h, respectively, were ten-fold serially diluted in saline solution, and 20 μl of each dilution was plated on BHI agar plates, incubated at 37˚C for 24 h, and the counts of the colony forming unit (CFU) were performed. All experiments were conducted three times independently and each one in three replicates. As a positive control amoxicillin (Sigma, St. Louis, MO) at the concentration range between 2-500 μg/ml was chosen, which still is the most common antibiotic used by dentists in treating dental infections [34] .
Biofilm analyses
For imaging the exopolysaccharide (EPS) presence on pre-existing biofilms, Streptococcus spp. biofilms were stained with 1 μM Alexa Fluor 633 labeled concanavalin A, and immersed in ultra-pure water for up to one hour, according to published study [36] . Concanavalin A belongs to the lectins that bind selectively to α-glucopyranosyl molecules such as glucans, which are major components of the EPS. The fluorescent dye was excited with HeNe laser (633 nm). For polysaccharides and protein estimations, biofilms of Streptococcus spp. were grown in 24-well plates coated with human saliva for 24 h. Next, planktonic bacterial cells were washed out and the biofilms were treated with different concentrations of 10-UDYA for an additional 24 h. The biofilms were then collected by sonication/vortexing in 1 x PBS and the total amount of carbohydrates were determined by the anthrone method with glucose as the standard [37] ; whereas the total amount of protein was assessed with a BCA Protein Assay Kit according to manufacturer's protocol with bovine serum albumin as the standard (Thermo Fisher, Waltham, MA). Another aliquot of the sonicated biofilms suspensions were added to pre-weighed micro-centrifuge tubes and air-dried to assess the biomasses of biofilms, which was determined by the difference between the terminal and initial weight of the micro-centrifuge tubes [37] . The extraction and estimation of the amounts of extracellular polysaccharides, both soluble and insoluble, were performed as previously reported [37, 38] from an aliquot of 0.3 ml of the sonicated biofilm suspensions. Briefly, the aliquots of biofilm suspensions were centrifuged at 10,000 g for 10 min. at 4˚C. The supernatants were collected and the biofilm pellets were resuspended and washed twice with sterile water and again centrifuged at 10,000 g for 10 min. to separate water-soluble (supernatant) and water-insoluble polysaccharides (pellet). Three parts of cold methanol were added to each collected supernatant to precipitate the polysaccharide. After a series of centrifugation, the precipitates were air-dried and re-suspended in water, and the amount of water-soluble polysaccharides was measured by the anthrone method, with glucose as the standard. The pellets were dissolved in 1 M NaOH (1 mg of pellet/0.3 ml of 1 M NaOH) and the water-insoluble polysaccharides were quantified in a similar manner as supernatants. The absorbance was measured at 625 nm and the concentrations of water-soluble and water-insoluble polysaccharides were calculated using standard curves. All experiments were conducted three times independently and each one in three replicates.
Adherence assay
Glass surface adherence assay was performed by the method of Hamada, et al. [39] . Briefly, S. mutans UA159 was grown for 24 h at 37˚C at an angle of 30 degrees in glass tubes containing 5 ml of BHI with or without 1% sucrose and various concentrations of 10-UDYA. The control tubes contained BHI (with or without sucrose) and equivalent amounts of DMSO. After incubation, planktonic cells were decanted, and the attached bacterial cells were removed by 0.5 M NaOH. Adherence was quantified by recording changes in OD 600 as fallows: Percentage adherence = [OD 600 of adhered cells/OD 600 of adhered cells+OD 600 of supernatant cells] x 100. All experiments were conducted three times independently and each one in three replicates.
Glycolytic pH drop and acid tolerance assay
The effect of 10-UDYA on S. mutans UA159 glycolysis was measured according to Xu, et al. [32] per the method modified from Song, et al. [40] . Briefly, S. mutans UA159 was harvested at mid-logarithmic phase, washed with 0.5 mM potassium phosphate buffer containing 37.5 mM KCl and 1.25 mM MgCl 2 (pH = 6.5), and re-suspended to OD 600 = 0.5 in the same solution supplemented with different concentrations of 10-UDYA (0.25-7.0 mg/ml). The control tubes contained equivalent amounts of DMSO. Glucose was added to the mixture to give a final concentration of 1%. The decrease in pH, as a result of glycolytic activity of S. mutans UA159, was monitored every 30 min. up to 2 h (Mettler-Toledo, Columbus, OH). The effect of 10-UDYA on the acid tolerance of S. mutans UA159 was determined by measurement of the viability of bacteria after 2 h of exposure at pH = 5.0 [40, 41] . S. mutans UA159 was grown in TYEG (tryptone-yeast extract supplemented with 20 mM glucose) medium until the bacterial cells reached the mid-logarithmic phase equal to OD 600 = 0.5. The cells were collected by centrifugation and re-suspended to OD 600 = 0.2 in TYEG medium buffered with 20 mM phosphate-citrate buffer (pH = 5.0) containing different concentrations of 10-UDYA, and incubated at 37˚C for 2 h. The control mixture contained no 10-UDYA. Samples were removed before and after incubation at pH = 5.0 for viable counts on BHI agar plates. All experiments were conducted three times independently and each one in three replicates.
Biochemical assays
For F-ATPase assays of S. mutans UA159, pre-existing biofilms were treated with different concentrations of 10-UDYA and permeabilized according to the method described by Belli, et al. [42] . The F 1 F 0 -ATPase activity was determined by the amount of inorganic phosphate released in the reaction mixture of 75 μl of permeabilized cells and 3 ml of 50 mM Tris-maleate buffer (pH 6.0) with 10 mM MgSO 4 . The mixture was then heated to 37˚C and the reaction was initiated by adding 30 μl of 0.5 M ATP (pH = 6.0). After 30 min., the reaction was stopped and the released phosphate was determined according to Muñoz, et al. [43] . The results were expressed as enzymatic activity relative to the untreated control. All experiments were conducted three times independently and each one in three replicates.
10-undecynoic acid as an anti-biofilm fatty acid
For lactic acid measurement, S. mutans UA159 pre-existing biofilms were treated with different concentrations of 10-UDYA for 24 h at 37˚C. After removing planktonic cells by centrifugation (10,000 g, 5 min., 4˚C), the supernatants were decanted to measure lactate concentrations according to the manufacture's protocol of the Lactate Assay Kit (Sigma, St. Louis, MO). The absorbance at 570 nm was recorded using a microplate spectrophotometer and lactate concentrations were calculated using standard curves. All experiments were conducted three times independently and each one in three replicates.
Statistical analysis
All data are presented as means ± SD (n = 3). The Student's two-tailed t test was used to determine statistically significant differences set at 0.05 levels. Statistical analysis was performed using GraphPad software.
Results
Bacteriostatic and bactericidal effect of 10-undecynoic acid against the planktonic and biofilm form of oral Streptococcus spp. in vitro Testing 10-UDYA against the planktonic form of Streptococcus spp. showed growth inhibition at MIC 2.5 mg/ml and killing effect at MBC 5.0 mg/ml, after 24 h ( Table 1 ). The kinetic evaluation revealed~6-log 10 CFU/ml decrease (99.9999% bactericidal effect of 10-UDYA against S. mutans UA159 and S. sobrinus SL1) after a 3 h incubation period, and~2-log 10 CFU/ml decrease (99% bactericidal effect of 10-UDYA against S. mutans UA159 and S. sobrinus SL1) after 1 h of incubation with 10-UDYA at 5.0 mg/ml. Observed bactericidal effect was found to be dose-dependent. As shown in Fig 1, there was no significant alternation in the growth pattern inhibition of S. mutans UA159 and S. sobrinus SL1. In addition to growth inhibition of Streptococcus spp. planktonic cultures, 10-UDYA inhibited the formation of their biofilms in BHI broth supplemented with 1% sucrose (MBIC 90 2.5 mg/ml) in 96-well plates coated with human saliva, whereas complete inhibition was achieved at 5.0 mg/ml (Table 1) . Parallel experiments performed on artificial teeth revealed the same pattern. In the dose-dependent manner, 10-UDYA was also found to reduce the viability of culturing biofilms approximately 50-55% at 2.5 mg/ml. Reduced metabolic activity and, more profoundly, the formation of biofilms was observed when assessment was done by alamarBlue, SYTO9 staining, and crystal violet, with no differences in mean values noticed between tested Streptococcus spp. (Fig 2) .
In the context of pre-existing biofilm growth in BHI broth supplemented with 1% sucrose in 96-well plates coated with human saliva, 10-UDYA caused dose-and time-dependent killing of pre-existing biofilms of Streptococcus spp. (MBBC 5.0 mg/ml) when assessed by standard BHI agar plating method (Fig 3) . The experiment in which biofilms were first treated with 5.0 mg/ml 10-UDYA and then left for 16 h to allow the recovery, verified that this concentration killed at the rate of 99.9999% (~6-log 10 CFU/ml decrease) after 6 h and with approximately 50% efficacy after 3 h (~2-log 10 CFU/ml decrease), as measured by the alamarBlue method. Consequently, treatment with � 5.0 mg/ml of 10-UDYA resulted in significantly reduced biomass of bacterial biofilms (Table 2 ). This effect seems to be dose-dependent since increased concentration of 10-UDYA to 7.0 mg/ml killed faster and augmented even more detachment of both Streptococcus spp. biofilms in a time-dependent manner compared to the control (p < 0.001); whereas, MIC concentration killing ability had a slower pace and the decrease in detachment reflected in biofilm biomass was moderate (Fig 4 and Table 2 ). The outcome of EPS staining and its quantitative analyses also revealed that, compared to the control, there was a significant reduction of EPS in 10-UDYA treated biofilms of Streptococcus spp. when 10-undecynoic acid as an anti-biofilm fatty acid EPS was detected by Alexa Fluor 633-conjugated concanavalin A, a carbohydrate-binding protein that selectively binds to a-mannopyranosyl and a-glucopyranosyl residues abundantly present in EPS matrix [45, 46] . Pre-existing biofilms treated with 10-UDYA became thinner and looser in a dose-dependent fashion, that overall resulted in reduced biofilm biomass and less total protein as well as less water-soluble and water-insoluble polysaccharides. The observed downgrading trend began at MIC, but not at sub-MIC concentrations of 10-UDYA, and was similar for both tested Streptococcus spp. (Table 2 ). 50 -minimal biofilm eradication concentration that detach biofilm in at least 50%, NE-no effect/ susceptibility at the maximal tested concentration (i.e., 500 μg/ml).
https://doi.org/10.1371/journal.pone.0214763.t001 
Anti-adherent effect of 10-undecynoic acid against Streptococcus mutans UA159 in vitro
The inhibitory effect of different concentrations of 10-UDYA on adherence of S. mutans UA159 to glass and plastic surfaces is shown in Fig 5. 10-UDYA inhibited sucrose-independent and sucrose-dependent adherence of bacteria in a dose-dependent manner. The sub-MIC concentration of 10-UDYA (1 mg/ml) 100% inhibited sucrose-independent adherence of S. mutans UA159 to glass surface, whereas 0.5 mg/ml concentration of 10-UDYA inhibited the adherence of bacterial cell in~50% (Fig 5A) . Adherence to glass in the presence of 1% sucrose was evidently more apparent. Sucrose-dependent adherence of S. mutans UA159 was totally inhibited by MIC concentration (2.5 mg/ml) and approximately 80% by sub-MIC concentration (1 mg/ml). This effect was also tested at 6, 12, and 24 h on plastic plates to check whether it could adversely affect S. mutans UA159 biofilm formation at different phases of its biofilm growth: 6 h (adherent phase); 12 h (active accumulated phase); and 24 h (plateau accumulated phase) [47] . This study showed that the effect of 10-UDYA is concentration-dependent but not so much biofilm phase growth dependent (Fig 5B) . The percentage of adherent bacteria gradually accumulated up to 24 h in the control and began gradually declining from the concentration of > 0.5 mg/ml 10-UDYA. Inhibition of biofilm formation by the 10-UDYA during the adherence phase, active accumulated phase, and the plateau accumulated phase was rather 
Anti-acidogenic and anti-aciduric effect of 10-undecynoic acid against Streptococcus mutans UA159 in vitro
Acidogenicity was determined by monitoring the glycolytic pH drop and lactic acid production. Additionally, the experiments showing acidurity changes of bacterial cells upon 10-UDYA treatment were performed. As shown in Fig 6A, compared to control, glycolytic pH dropped slower and the terminal pH was higher in cultures of S. mutans UA159 treated with 10-UDYA in a dose-dependent manner, and were strongly significant at sub-MIC concentrations (� 0.5 mg/ml). Also, 10-UDYA reduced the acid tolerance of S. mutans UA159 to low pH beginning from sub-MIC levels (� 0.5 mg/ml). As shown in Fig 6B , the survival rate of S. mutans UA159 cells at pH = 5.0 began to be significantly lower compared to the control (p < 0.001) in a dose-dependent fashion. At the same time, 10-UDYA exhibited mild inhibitory effects on the activity of the F 1 F 0 -ATPase of S. mutans UA159 pre-existing biofilms that were reduced by~30-35% at MIC concentration, and by~55-60% at MBC concentration of 10-undecynoic acid as an anti-biofilm fatty acid 10-UDYA (Fig 6C) . Assay determining lactic acid levels in pre-existing biofilms followed a similar trend as shown in Fig 6D. 
Discussion
Here for the first time we report about antibacterial properties of 10-undecynoic acid (10-UDYA) providing evidence about its bacteriostatic, bactericidal and anti-biofilm effects against MS. 10-UDYA is the terminal acetylenic analogue of lauric acid that specifically and irreversibly inactivates hepatic cytochrome P-450 enzymes in vitro but not in vivo, and which are responsible for ω-hydroxylation of lauric acid [48] . This inactivation, recognized as "suicidal process", is NADPH-and time-dependent [29] . It has also been shown that administration of 10-undecynoic acid to rats causes a specific inhibition of ω-hydroxylation catalyzed by cytochrome P450 4A1, in particular, and that this is accompanied by a significant decrease in phosphatidylethanolamine content in the endoplasmic reticulum [49] . Cytochrome P-450 4A1 terminally oxidizes fatty acids resulting in formation of hydroxylated fatty acids, which are further converted to dicarboxylic acids. This so-called ω-oxidation, occurs in higher plants and animals, and also in bacteria and yeasts [49, 50] . In this, acetylenic fatty acid analogs were found in nature, such as in seed oils of Chrysanthemum corymbosum and Heisteria silvanii [51, 52] . There is a gap in knowledge with regard to scientific validation of the anti-bacterial, particularly, anti-biofilm and anti-virulence properties of such compounds, although there are some evidences of anti-microbial activities of fatty acids against gram-positive and gram-negative bacteria in general [53, 54] . We found that conspicuous antibacterial effects follow the administration of 10-UDYA in vitro. We observed bacteriostatic and bactericidal potency of this compound against the planktonic form of cariogenic strains of S. mutans and S. sobrinus with the MIC of 2.5 mg/ml and MBC of 5.0 mg/ml after 3 h of its application. It was also of interest that 10-UDYA inhibited biofilm formation on the surface coated with human saliva with MBIC 90 of 2.5 mg/ml with complete inhibition at 5.0 mg/ml. The biocidal concentration towards pre-existing biofilm was found to be the same (MBBC of 5.0 mg/ml after 6 h of treatment), whereas MBEC 50 was 10-undecynoic acid as an anti-biofilm fatty acid established to be 7.0 mg/ml and this eradication effect of pre-existing biofilm showed to be dose-and time-dependent.
Observed inhibitory effect of 10-UDYA on biofilm development of S. mutans and S. sobrinus was dose-and time-dependent beginning at sub-MIC, greatly seen at MIC, with complete inhibition at MBC concentration. This decreased biofilm development in the presence of 10-UDYA was accompanied by altered bacterial growth or reduced metabolic activity. Moreover, strong inhibitory adherence effect of bacterial cells observed in the presence of high concentration of sucrose and sucrose-independent adherence was also reduced in a dosedependent manner. According to Islam et al. , the hydrophobic interaction of the bacteria with the glass surface is mostly responsible for sucrose-independent adherence; whereas, sucrosedependent adherence is rather an effect of synthesis by bacteria gluey exopolysaccharides (glucan) from sucrose causing the clumping of the cells [55] and their synthesis and accumulation is in direct correlation with induction of dental caries by serotype c S. mutans [56] . The study of Crowley et al., showed that adhesin P1 of S. mutans is another important binding protein interacting directly with salivary agglutinin, which obstructs the aggregation and the nonesucrose adherence mechanisms in vitro [57] . Concentration-relevant reduction of sucrose- dependent and sucrose-independent adherence, even in the presence of sub-MIC and sub-MBC concentration of 10-UDAY, could be the result of two different "natures" of this fatty acid and explains observed alterations in the process of biofilm formation. Due to the lipophilic nature of 10-UDYA, it can be proposed that it crosses the plasma membrane, similar to the mechanism of action of other fatty acids [58, 59] . Such inclusion in the membranes is projected to decrease hydrophobic lipid-lipid and lipid-protein interactions, and ultimately lower surface tensions [60, 61] . Thus, this "surfactant-like" characteristic of this compound could be responsible for decreased hydrophobic interactions of bacteria with the glass surface resembling the mode of action of dispersants. Reducing the affinity of the organisms could also help in diminishing the voracity of the adherence of the biofilms to the plastic surface. On the other hand, since 10-UDYA inhibited polysaccharide-mediated adherence of the bacteria to the polystyrene plates in a concentration-dependent manner at the 6 h time point similar to 12 h and 24 h time points of incubation with the MIC concentrations of 10-UDYA, this would suggest its alternating potency in primary attachment of bacteria to the surface and lingering to the stage of active synthesis of glucan and plateau phase [62, 63] . This compound also reduced also biomasses of bacterial biofilms in a concentration-dependent manner together with decreasing the amount of the total proteins (comprising GTFs and similar to amounts of water-soluble and water-insoluble polysaccharides) compared to control at MBC level. Since, the amount of total proteins but not the soluble and insoluble carbohydrates was found to be significantly lower at MIC level, we concluded that this compound, although effective, is not primarily targeting the production of polysaccharides. Additionally, we also found that the inhibition of water-soluble polysaccharides (via GTFC, which participate in formation of both soluble and insoluble glucans, and provide binding sites for oral bacteria) was to lesser extent inhibited by 10-UDYA than the water-insoluble polysaccharides (via GTFB, producing insoluble glucans and forming the scaffold of the EPS matrix) [13, 64] . Fluorescence images depicting EPS biofilm undoubtedly showed disturbed altered structure with lack of integrity in the presence of MBC concentration of 10-UDYA. That would imply that there might yet be another factor that may be grounded in the lower viability of the bacterial cells, since decreased metabolic activity at MIC concentration of 10-UDYA was found to be approximately 50%. Nonetheless, this all depicts enhanced stress conditions for S. mutans upon 10-UDYA application which ultimately may result in altered development of biofilm as well as the architecture of already formed biofilm.
In addition, 10-UDYA revealed high biofilm penetrating potency and the excellent killing efficacy of pre-existing biofilm, another virulence factor of S. mutans that essentially attributes to its clinical complications [65] . Revealed restrained acidogenicity and aciduricity upon 10-UDYA treatment was also concurred. Glycolysis is the key pathway involved in acid production, in particular lactic acid. The results from the glycolytic pH drop showed a rather steady level of pH up to 2 h incubation with sub-MIC concentrations of 10-UDYA, suggesting the impairment in acidogenicity of S. mutans. It is also particularly noteworthy that pH sensitivity of S. mutans was distinctly altered causing a significantly reduced survival rate of S. mutans at pH = 5.0 even at sub-MIC concentrations of 10-UDYA. Moreover, MIC and MBC concentrations of 10-UDYA affected lactic acid levels and F 1 F 0 -ATPase activity that plays a crucial role in maintenance of sustainable pH for S. mutans. Since the link between the enzymatic activity of F 1 F 0 -ATPase and acid tolerance of plaque bacteria has been found [10, [66] [67] [68] , and considering that 10-UDYA might alter proper physiological organization of the bacterial membrane [58, 69] , it can be speculated that 10-UDYA may also affect the function of F 1 F 0 -ATPase, a membrane-bound protein, either directly or indirectly, and that could ultimately lead to restrained acidogenicity, reduced aciduricity, and finally killing effect. Interestingly, the interference of fatty acids with the electron transport system has been seen in yeasts and, as a result of their interactions with cell membranes, the disentanglement of the transmembrane proton gradients from the energy-requiring processes [70] [71] [72] [73] . The changes in lactic acid level and F 1 F 0 -ATPase activity seen at MIC and MBC concentrations of 10-UDYA are consistent with detected decrease in metabolic activity. Thus, perhaps the involvement of other factors that have not been explored in this study, but are currently under investigation in our laboratory, could play a role in the killing process here.
In summary, our results showed that 10-UDYA acts as an effective antibacterial agent due to its inhibition of various cariogenic virulence factors of S. mutans in vitro, resulting in prime anti-adherence and biocidal properties, reflected in reduced acidogenicity, compromised aciduricity, and the effective ability to disrupt biofilms formation. 10-UDYA could be a promising compound for targeting biofilms of mutans streptococci, although more studies are needed to confirm this. According to U.S. Army Armament Research and Development Command, Chemical Systems Laboratory, NIOSH Exchange Chemicals. Vol. NX#07969, LD 50 of 10-UNDY intravenously injected in mice is 32 mg/kg. More results from toxicological study are warranted to draw final a conclusion about the applicability of this compound, although in this case, incorporation of 10-UDYA to toothpastes or gels would rather be a "way of choice". Also, the cost of its addition should be taken into account. That, however, needs to be determined on the specific and distinct bases.
Based on obtained results we conclude that 10-undecynoic acid might be a compound worth consideration in the development of future alternative or adjunctive antibacterial, especially, anti-biofilm preventive and/or therapeutic approaches.
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